[1] Integration of in situ and conventional ion microprobe U-Th-Pb zircon and monazite geochronology with 40 Ar/ 39 Ar hornblende, biotite, and muscovite thermochronology provides a temporal record of metamorphism, partial melting, fluids, and cooling of exhumed midcrustal to lower crustal rocks. The Valhalla complex, southeastern British Columbia, is one of a series of elongate gneiss domes within the Omineca belt of the Canadian Cordillera. We have performed U-Th-Pb and 40 Ar/ 39 Ar age measurements on migmatitic gneisses from a range of structural levels and settings within the Valhalla complex in an effort to better document the timing of migmatization and exhumation. Stromatic migmatites and leucosomes crystallized in boudin necks yield concordant U-Pb zircon ages that cluster near 60 Ma and Th-Pb monazite ages of circa 60-50 Ma. In situ analyses of monazite in samples that contain <10% leucosome yield a bimodal distribution at 70-65 and 62-57 Ma. The younger ages are similar to migmatite zircon ages.
[1] Integration of in situ and conventional ion microprobe U-Th-Pb zircon and monazite geochronology with 40 Ar/ 39 Ar hornblende, biotite, and muscovite thermochronology provides a temporal record of metamorphism, partial melting, fluids, and cooling of exhumed midcrustal to lower crustal rocks. The Valhalla complex, southeastern British Columbia, is one of a series of elongate gneiss domes within the Omineca belt of the Canadian Cordillera. We have performed U-Th-Pb and 40 Ar/ 39 Ar age measurements on migmatitic gneisses from a range of structural levels and settings within the Valhalla complex in an effort to better document the timing of migmatization and exhumation. Stromatic migmatites and leucosomes crystallized in boudin necks yield concordant U-Pb zircon ages that cluster near 60 Ma and Th-Pb monazite ages of circa 60-50 Ma. In situ analyses of monazite in samples that contain <10% leucosome yield a bimodal distribution at 70-65 and 62-57 Ma. The younger ages are similar to migmatite zircon ages. 40 Ar/
39
Ar analyses from the same rocks document cooling at 51-49 Ma. These new data, combined with field, structural, and petrologic data from this and previous studies of the Omineca domes, indicate that a large region (thousands of km 2 ) of orogenic crust may have been partially molten during the Early Tertiary (>60-50 Ma). However, the combined data also suggest that melt crystallization (circa 60 Ma) in the Valhalla complex occurred rapidly and before the other domes within the Omineca belt. Cooling at 49 Ma throughout the Omineca is associated with regional extension and exhumation of migmatites in the domes. The presence of abundant migmatites and the similarity in timing of melt crystallization and cooling in domes along the 400-km-long Omineca belt is consistent with localization of exhumation at the boundary between the flowing crust of the hinterland and the rigid, colder crust of the Rocky Mountain foreland. Citation: Gordon, S. M., D. L. Whitney,
Introduction
[2] Convergent plate boundaries are characterized by the shortening and thickening of crust, which may be accompanied by significant deformation, metamorphism and partial melting. Many rock mechanic, geodynamic, and tectonic studies suggest that the thickened crust that develops is rheologically layered with a thin, rigid upper crust overlying a weak ductile lower layer that can flow [e.g., Goetze and Evans, 1979; Brace and Kohlstedt, 1980; Block and Royden, 1990; Wernicke, 1990; Kruse et al., 1991; Bird, 1991; Wdowinski and Axen, 1992; Clark and Royden, 2000; Vanderhaeghe and Teyssier, 2001b] . Partial melting within the ductile lower crust can enhance tectonic strain rates owing to melt-induced weakening and strain localization [Hollister and Crawford, 1986; Dell'Angelo et al., 1987; Hollister, 1993; Handy et al., 2001] . Partial melting also may play a fundamental role in the distribution of heat during orogenesis [Raia and Spera, 1997] and in facilitating crustal differentiation [Lambert and Heier, 1968; Vanderhaeghe and Teyssier, 2001a] . Therefore, it is important to investigate deeply exhumed orogens in order to understand the role of partial melting in crustal dynamics and to determine the kinematics and timing of melt-present deformation and crustal flow.
[3] Deeply exhumed rocks from thickened crust may be exposed within metamorphic core complexes (MCC) and gneiss domes, both characteristic features of collapsed orogenic belts [Coney, 1980; Armstrong, 1982; Coney and Harms, 1984] . The cores of MCCs and gneiss domes may contain migmatitic rocks that are evidence of a former partially molten crust [Whitney et al., 2004a] . The migmatites are characteristically exhumed from midcrustal to lower crustal levels through a combination of vertical and lateral crustal flow, and commonly accompanied, and perhaps driven by, partial melting and upper crustal extension. A classic example of migmatitic domes in metamorphic core complexes is the Omineca belt of southeastern British Columbia [e.g., Monger et al., 1972] . The Omineca belt represents the crystalline hinterland of the foreland fold and thrust belt, and contains the Shuswap MCC [Monger et al., 1982] . A succession of Eocene detachment faults form a series of elongate gneiss domes within the Shuswap MCC ( Figure 1 ). The domes, including the Valhalla complex, the Thor-Odin dome, and the Frenchman Cap dome, contain migmatitic cores and midcrustal detachments that were exhumed during extension of the rigid upper crust. Previous studies of the Shuswap MCC have investigated the exposed migmatites and noted their importance in the evolution of the domes (e.g., the Thor-Odin dome Teyssier, 1997, 2001b; Vanderhaeghe et al., 1999a Vanderhaeghe et al., , 1999b Vanderhaeghe et al., , 2003 Norlander et al., 2002; Teyssier et al., 2005; Hinchey et al., 2006] ).
[4] Previous investigations of the Valhalla complex have focused on the metamorphic, structural, and geochronological history of the paragneisses and mantling granitoids exposed within the Valhalla and Passmore domes (Figure 2 ) [Carr et al., 1987; Parrish et al., 1988; Heaman and Parrish, 1991; Carr, 1992; Parrish, 1995; Spear and Parrish, 1996; Schaubs and Carr, 1998; Schaubs et al., 2002; Ducea et al., 2003; Spear, 2004; Carr and Simony, 2006] . Here we report new results that bear upon the timing of migmatite crystallization at different structural levels of the Valhalla complex, and relate migmatite textures to the tectonic evolution of the migmatitic Valhalla and Passmore domes and the Shuswap core complex. Analyses of U-Th-Pb zircon and monazite and 40 Ar/ 39 Ar hornblende, muscovite, and biotite isotopic compositions have been performed on the metatexites (migmatites with 10-50% leucosome) and migmatitic biotite gneisses (<10% leucosome) exposed in the Valhalla complex. Our geochronologic and thermochronometric results document the timescales of melt crystallization and cooling of the complex. On the basis of these results, we evaluate the significance of abundant melt in Valhalla and discuss the tectonic evolution of the complex in the framework of the Omineca belt and of this part of the North American Cordillera.
Tectonic Evolution of the Omineca Belt
[5] Near the 49th parallel, the tectonic history along the eastern boundary of the North American Cordillera is characterized by two main phases: (1) Mesozoic convergence that resulted in Jurassic and Cretaceous batholith emplacement, thrusting, folding, and crustal thickening; and (2) Paleocene-Eocene extension and orogenic collapse involving tectonic denudation and regional plutonism [Armstrong, 1982; Monger et al., 1982; Archibald et al., 1983; Brown and Read, 1983; Okulitch, 1984; Brown et al., 1986; Parrish et al., 1988; Carr, 1992; Teyssier et al., 2005] . Mesozoic convergence resulted in the accretion of numerous allocthonous terranes onto the western margin of the North American craton . These terranes were thrust eastward over sedimentary sequences that had previously accumulated along the North American paleomargin, likely forming a 50-60 km thick crustal welt [Coney and Harms, 1984; Brown et al., 1986; Price, 1986] . Thickening, burial of sediments, and later thermal relaxation resulted in widespread high-temperature metamorphism and crustal melting [Brown et al., 1986; Sevigny et al., 1989; Carr, 1992; Nyman et al., 1995; Vanderhaeghe and Teyssier, 1997] that may have culminated in the development of an orogenic plateau during the Late Cretaceous -Early Cenozoic [e.g., Coney and Harms, 1984; England and Thompson, 1986; Wolfe et al., 1998; Whitney et al., 2004b] . The second tectonic phase of extension and collapse was coeval with regional transtension to the west in the continental arc and possibly with ridge subduction along the plate boundary [Morris et al., 2000; Haeussler et al., 2003; Paterson et al., 2004; Rusmore et al., 2005] . Some of the extension may be related to transtensional events and strike-slip faulting [Parrish, 1995; Struik and Anderson, 2003] .
[6] The Omineca belt represents the buried paleomargin, the exhumed hinterland of the Cordillera [Monger et al., 1972; Coney, 1980; Crittenden et al., 1980] , and the eastern margin of the proposed orogenic plateau [Whitney et al., 2004b] . The belt exposes the easternmost upper amphibolite-to granulite-facies metamorphic and plutonic rocks in a north-south trending series of elongate gneiss domes ( Figure 1 ) [Monger et al., 1982; Parrish et al., 1988] . The domes are located in the immediate footwall of the eastern detachment of the Shuswap MCC. Results of previous geochronometric investigations demonstrated that Early Tertiary exhumation of gneiss domes in the Omineca core complexes was coeval along the entire belt [Parrish and Wheeler, 1983; Parrish and Armstrong, 1987; Carr, 1991; Parkinson, 1991 Parkinson, , 1992 Parrish, 1995; Crowley, 1997a Crowley, , 1997b Johnston, 1998 ].
Valhalla Complex

Geologic Overview
[7] The Valhalla complex contains high-temperature migmatitic metasedimentary and plutonic rocks that are exposed in two domes, the Valhalla dome in the north and the Passmore dome in the south (Figure 2a ) [Reesor, 1965; Carr et al., 1987] . Both domes are defined by outward dipping low-angle (<35°) foliation and lithologic contacts ( Figure 2b ) [Carr et al., 1987] . Structurally, the Valhalla complex is dominated by a pervasive east-west lineation with kinematic indicators that show top-to-the-east movement [Parrish, 1984; Carr, 1985 Carr, , 1986 . A pronounced strain gradient recognized within the core of the Valhalla and Passmore domes is associated with the Gwillim Creek shear zone (GCSZ) Carr et al., 1987; Schaubs and Carr, 1998 ]. This shear zone has been imaged as a major reflector in Lithoprobe profiles [Cook et al., 1988; , and has been interpreted as a thrust fault that is part of a larger thrust system that accommodated east-west shortening of the foreland belt during Late Cretaceous and Paleocene time Brown et al., 1992; Varsek and Cook, 1994; Carr and Simony, 2006] . Previous tectonic models for the high-temperature cooling of the Valhalla complex have proposed that the complex was thrust along the GCSZ onto a cold footwall, and this was followed by a lowertemperature cooling history induced by extensional faulting Parrish, 1995; Spear and Parrish, 1996; Schaubs et al., 2002; Spear, 2004; Carr and Simony, 2006] . Furthermore, Valhalla has been interpreted to expose Figure 1 . Simplified geological map of the Canadian Cordillera and the Omineca belt: FC, Frenchman Cap dome; MCC, metamorphic core complex; TO, Thor-Odin dome; OK, Okanagon dome; K, Kettle dome; PR, Priest River dome (modified after Wheeler and McFeely [1991] and Vanderhaeghe et al. [2003] ). Inset shows the location of the Omineca belt in regards to the other Cordilleran core complexes: SH, Shuswap MCC; BR, Bitterroot MCC; PM, Pioneer MCC; R, Ruby MCC; SR, Snake River MCC; C, Catalina MCC (modified after Coney [1980] , Armstrong and Ward [1991] , and Vanderhaeghe et al. [1999a] ). a higher structural level than the other domes in the Shuswap MCC [Parrish, 1995] .
[8] The Valhalla complex is bounded on all sides by east directed Eocene faults/shear zones ( Figure 2 ): at the eastern margin, the brittle/ductile Slocan Lake fault was active from 54 to 45 Ma and is a north striking, low-angle fault that separates the high-temperature core rocks from the circa 169 Ma Nelson batholith [Carr et al., 1987; Parrish et al., 1988] . To the north, west, and south, the ductile Valkyr shear zone bounds and arches over the complex [Carr et al., 1987] . This amphibolite-facies shear zone is $2 km thick and was active from 59 to 54 Ma [Carr, 1986; Carr et al., 1987; Parrish et al., 1988] . Both the arched profile of the Valkyr shear zone and the fact that both bounding faults are east directed and coeval suggests that the Valkyr shear zone and the Slocan Lake fault are part of a single extensional fault zone [Parrish, 1984; Carr et al., 1987; Parrish et al., 1988] , analogous to the Columbia River detachment along the eastern margin of the Shuswap complex in the ThorOdin dome region, interpreted as a rolling hinge detachment zone [Teyssier et al., 2005] .
[9] The Valhalla complex consists of arched sheets that match the shape of the overlying Valkyr and underlying GCSZ (Figure 2b ). The sheets are composed of three main bodies (from lowest to highest structural level) [Reesor, 1965; Carr et al., 1987] : (1) the granodioritic, K-feldspar megacrystic Mulvey orthogneiss, (2) a metasedimentary unit consisting of mixed gneisses (biotite and quartzofeldspathic gneiss) with significant bodies of leucosome and lesser amounts of calc-silicate, amphibolite, and quartzite; this unit records maximum P À T conditions of 820 ± 30°C and 8 ± 1 kbar in garnet-sillimanite-K-feldspar gneiss [Spear and Parrish, 1996] , and (3) two sheet-like leucocratic granitoid bodies, including the Airy quartz monzonite and the Ladybird leucogranite.
[10] Previous geochronometric investigations of the Valhalla complex have focused on dating the metamorphism of metasedimentary rocks, the crystallization of the orthogneiss in the core of the dome, and the crystallization of the mantling granitoids (Table 1) . U-Pb zircon/monazite Heaman and Parrish, 1991; Parrish, 1995; Spear and Parrish, 1996] and Sm-Nd garnet [Ducea et al., 2003] analyses of Valhalla paragneiss, including rocks in the GCSZ, document Late Cretaceous to Early Tertiary metamorphism (85 -60 Ma). These data have been interpreted to indicate Late Cretaceous prograde metamorphism (85 -65 Ma) and Early Tertiary peak metamorphism (60 Ma) [Spear, 2004] . U-Pb and Pb-Pb zircon dates for the orthogneiss in the core of the Valhalla dome range from 116-89 Ma and are older than the dates obtained from metasedimentary rocks [Parrish, 1984 [Parrish, , 1995 Carr et al., 1987; Heaman and Parrish, 1991; Spear and Parrish, 1996] . The mantling Airy quartz monzonite and the Ladybird leucogranite yield ages that overlap with the inferred timing of peak metamorphism: circa 64 -57 Ma (U-Pb zircon) [Parrish, 1984; Parrish and Roddick, 1985; Parrish et al., 1988] . These ages are also similar to ages from late, cross-cutting pegmatite and aplite in the complex Parrish, 1995; Spear and Parrish, 1996] . Previous thermochronology data indicate that denudationrelated cooling of the Valhalla complex occurred between 58-47 Ma (Table 1) [Wanless et al., 1978 [Wanless et al., , 1979 Parrish, 1984; Heaman and Parrish, 1991; Parrish et al., 1988] . The argon ages are, however, limited to the core orthogneiss and mantling leucogranite bodies. No argon ages have previously been reported from the mixed gneiss unit.
Valhalla Migmatites
[11] Previous investigations have presented evidence for partial melting within the mixed gneiss unit of the Valhalla complex and have noted the Airy and Ladybird granitoid bodies [Reesor, 1965; Spear and Parrish, 1996; Schaubs and Carr, 1998 ]. Leucosomes that we interpret as crystallized melt are typically associated with extensional structures and occur in fine-scale layers within the paragneiss of the mixed gneiss unit (Figure 3a) . Leucogranite dikes and sills permeate the mixed gneiss and orthogneiss units ( Figure 4a ) and are prominent in ductile fold structures in the mixed gneiss unit (Figure 4b) , and in layers, lenses, and small magma bodies within the eastern Slocan Lake fault zone (Figure 4c ).
[12] We infer that this migmatization and leucogranite injection likely represent a widespread partial melting episode in the Valhalla complex. An anatectic origin for the migmatites is supported by the P-T conditions that are above the solidus for dehydration reactions in quartzofeldspathic rocks, the presence of igneous textures in some leucosomes (e.g., euhedral grains, granophyric intergrowths of orthoclase and quartz, Figure 3b ), and outcrop-scale textures that suggest a fluid behavior of the leucosomes (e.g., melt intermingling with the Mulvey orthogneiss, Figure 4a , and concentration of leucosome in boudinaged necks of paragneiss, Figure 4d ).
[13] Melting may have occurred during prograde heating and subsequent decompression, as the crust underwent dehydration-melting reactions. Evidence for high-temperature (isothermal?) decompression in the Passmore dome is the symplectitic corona texture in pods of gedrite-cordierite gneiss. Al 2 SiO 5 polymorphs are surrounded by symplectitic rims of sapphirine + spinel + corundum + cordierite + anorthite [Marshall and Simandl, 2006] , similar to textures reported for the Thor-Odin dome [Duncan, 1984; al., 2002] . These assemblages are consistent with the high-T metamorphic conditions documented by Spear and Parrish [1996] for high-grade gneiss in the region. Similar textures in gedrite-cordierite lenses in the Thor-Odin dome have been interpreted to indicate near-isothermal decompression [Norlander et al., 2002] .
[14] The great abundance of migmatite and leucogranite exposed in the Valhalla complex (Figures 3 and 4) indicate that partial melting was important in the tectonic evolution of the region, and therefore it is essential to know the timescale of partial melting and the effect of melt on the exhumation of the complex. Previous investigations noted the presence of migmatites in the development of tectonic models [e.g., Spear, 2004] but have not known the timing of melt crystallization; therefore, the deformation and exhumation history of Valhalla has been incomplete because of Reported by Parrish [1995] .
the lack of migmatite ages. Models for the exhumation history of the complex must take into account the thermomechanical effects of partial melting and the geodynamic consequences of large melt fractions in actively deforming orogenic crust. In addition, the previous argon thermochronology is spatially limited; therefore we lack a sufficient understanding of the cooling pattern for the complex. 16] In order to ascertain the duration of partial melting and its relationship to the metamorphic history in the Valhalla complex, in situ Th-Pb monazite and U-Pb zircon geochronometry were applied to the migmatitic rocks. Documenting the timing of partial melting of rocks such as migmatites that may have contained precursor zircon and monazite can be a difficult task. Zircon is very refractory during most metamorphic reactions, including reactions that generate melt [Harrison and Watson, 1983; Watson, 1996] because it exhibits very sluggish U, Th, and Pb diffusion [Cherniak and Watson, 2000] . Monazite is similarly problematic for determining the timing of migmatization because it also is highly retentive of radiogenic Pb [Cherniak et al., 2004] . This enables monazite to record multiple thermal events in high-grade metamorphic settings [Townsend et al., 2000; Catlos et al., 2002; Nyström and Kriegsman, 2003; Vance et al., 2003] . Because precursor zircon and monazite tend to dominantly record different events in high-grade metamorphic settings (detrital provenance of igneous protolith versus prograde metamorphic events, respectively), combined consideration of the results from both phases offers the soundest basis for evaluating the timing of migmatization.
[17] Ten samples were selected from the Valhalla and Passmore domes on the basis of their potential to yield geochronometric information as a function of structural level, degree of migmatization, and proximity to the detachment (Table 2) . Of the ten samples, five samples with 10-50% leucosome were chosen to document the crystallization of partial melt and fluid history; two leucosomes crystallized in boudin necks, two samples of migmatitic quartzofeldspathic gneisses, and a migmatitic paragneiss. In addition, two metapelitic gneiss samples and two samples of garnet-bearing biotite gneiss from between the dome core and the detachment were chosen for in situ analyses. One of these samples contains centimeter-to millimeter-scale leucocratic layers. The other three occur as $ 0.5 to 1 m inclusions or pods within metatexite and diatexite; therefore, the samples containing <10% leucosome reveal evidence for both the metamorphic and the partial melting history of the complex. Finally, a sample from the Ladybird unit was collected for analysis to compare the monazite age of the mantling granitoid with the crystallization age of the migmatites.
[18] Samples were analyzed using conventional sectioned and polished grain mounts and through in situ analysis of polished 30 mm sections. To produce the grain mounts, samples were crushed and processed using standard density and magnetic methods to concentrate monazite and zircon. The accessory minerals were hand selected, potted in epoxy along with standards, sectioned, polished, and ultrasonically cleaned. Zircon grain mounts were rinsed in 1 N HCl to reduce surficial common Pb contamination. For the in situ method, monazite grains were located in thin sections, imaged with backscatter (BSE)/cathodoluminescence (CL) techniques. Regions of interest were trimmed with a wafering saw, mounted with prepolished standards, and potted in epoxy following the protocols outlined in the work of Catlos et al. [2002] . All epoxy mounts were coated in Au. Features revealed within the BSE and CL imaging of monazite and zircon in Figures 5, 6, and 7 show spatial variation in chemical composition within a single crystal that potentially correlate with the growth evolution of the crystal. Consequently, we used this imagery to guide selection of analysis sites in both grain and in situ ion microprobe age measurements.
[19] For all samples, multiple-spot, single-grain Th-Pb and U-Pb ages were measured using the CAMECA ims1270 ion microprobe facility at the University of California, Los Angeles, following the analytical methods described by Catlos et al. [2002] for monazite and Schmitt et al. [2003] for zircon. Generally, a 10-15 nA primary O À ion beam was focused to a $ 20 Â 30 mm spot using aperture-defined illumination. The instrument was tuned to achieve a mass resolving power of $4500, using a 50 eV energy window and a mechanical ''field'' that blocked ions derived from the crater walls. The Th-Pb monazite ages were determined relative to the monazite standard 554 (45 ± 1 Ma [Harrison et al., 1999] ) and the U-Pb zircon ages were determined relative to the zircon age standard AS3 (1099 ± 1 Ma [Paces and Miller, 1993] ). The Pb/U and Pb/Th relative sensitivity factors were determined to 2 -3% using a calibration approach described by Harrison et al. [1995] . Flooding of the sample surface with O 2 (3 Â 10 À5 Torr) was performed to increase Pb+ and UO+ ion yields from zircon.
[20] Measured ion intensities were reduced with in-house software written by C.D. Coath (ZIPS v2.4) and further interpreted in ISOPLOT v3 [Ludwig, 2003 ] to obtain weighted average domain ages and 206 Pb/ 238 U-207 Pb/ 235 U concordia diagrams (Figure 8 ). For the monazite, Th-Pb dates were plotted on relative probability diagrams in ISOPLOT to determine the major populations of mineral age domains with the criteria that the mean square weighted deviation (MSWD) be maintained below 2.5 for the resulting age distribution ( Figure 9 ). The weighted average domain ages are calculated to describe the results but do not necessarily represent discrete igneous or metamorphic events. Errors for the resulting weighted average ages of mineral age domains are reported as ±2s. Complete isotopic data from Th-Pb monazite and U-Pb zircon analyses are listed in Tables 3 and 4 , respectively.
4.2.
40 Ar/
39
Ar Thermochronology
[21] To further elucidate the cooling history of the complex, we measured 40 Ar/ 39 Ar cooling ages for biotite, muscovite, and hornblende. As with monazite and zircon, pure mineral separates ($99%) were prepared using standard density and magnetic techniques. Nine samples were chosen for analysis on the basis of the abundance and quality of the analyzed phases in the samples (six biotite, one muscovite, and three hornblende; see Table 5 ). The samples were chosen to represent a variety of structural locations, from the core of the Passmore dome to directly beneath the Slocan Lake detachment (Figure 2a) . Four of the samples were also dated by the U-Th-Pb method. Samples for hornblende and biotite were collected within circa 15 m of each other at any given locality. Note that the hornblende samples share the same prefix in the sample number as nearby biotite samples (e.g., GL-6.1 was from an outcrop near GL-4.1 and GL-12).
[22] Conventional step-heating was conducted at ANU using a double-vacuum, resistance furnace. Argon was purified in an all-metal extraction line and analyzed with a VG1200S mass spectrometer. The heating schedule is shown with the results in Table 6 . All ages are calculated with the decay constants recommended by Steiger and Jäger [1977] . Errors are reported at the 1s confidence level. Ar results are presented as conventional age spectra. Preferred ages shown represent integrated weighted mean ages calculated for selected portions of each age spectrum (Figures 10 and 11) . A preferred age is defined for this investigation as a large part of an age spectrum composed of contiguous increments in which the majority are within 1s uncertainty in age of neighbouring steps within the subset. The initial low-temperature increasing steps (typically the first 3 -5) were not used in calculating the preferred ages. Similarly, the final high-temperature steps were commonly ignored owing to elevated furnace blanks at very high temperature ($1350 -1450°C). K/Ca plots are determined from the Ca-derived 37 Ar and K-derived 39 Ar; we note that the flattest parts of the age spectra generally correspond to relatively high and nearly constant K/Ca values. The results are shown in Figure 10 for Figure 7 . Representative BSE images of parts of a thin section showing the location of monazite grains within the rock matrix and also of individual monazite grains from (a) sample DL-1.1 and (b) sample AC-20.1. The zoning in the individual monazite grains is a primary function of the Y and U composition. The images also illustrate the in situ age(s) yielded by the individual monazite grains. Note that the ages are independent of location; that is, there is not a systematic difference between grains included in garnet versus those in the matrix.
hornblende and muscovite, Figure 11 for biotite, and listed in Table 6 .
Results
Zircon U-Pb and Monazite Th-Pb Geochronology
Detachment Zone and Mantling Leucogranites
[23] Sample Rt6-4 was collected from the Slocan Lake fault zone along the eastern margin of the complex. It is a tonalitic leucosome that crystallized within a boudin neck. The boudin consists of a $0.5 m quartzofeldspathic lens rimmed by biotite selvages (see Figure 4c for stromatic migmatites from the same locality). The outcrop from which this sample was collected consists of >50% leucocratic material and has been extensively deformed, as indicated by its mylonitic fabric. The sample is from the mixed gneiss unit, and we interpret the locality as the site of abundant leucosome ponding below the Slocan Lake fault zone. The matrix of this sample consists mainly of sericitized plagioclase and recrystallized quartz, with lesser amounts of titanite and biotite defining a weak foliation (Figure 3c ). Both zircon and monazite are strongly associated with biotite-rich domains. The zircon grains are typically fractured, and, unlike most other migmatitic samples from the complex, they do not exhibit obvious evidence of inheritance in BSE images (Figure 5a ). Seventeen spots on thirteen grains yield a weighted average 238 U/
206
Pb zircon age domain of 60.3 ± 2.0 Ma (MSWD: 2.40; Figures 5a and 8a). In contrast, the monazite grains yield a younger weighted average Th/Pb age (52.9 ± 1.5 Ma; MSWD: 0.61) from 23 spots on 17 grains (Figure 9a ). The younger monazite age in comparison to the zircon ages is expected as zircon has been shown to be more robust to thermal resetting, and monazite can be more susceptible to thermal and fluid events [Harrison and Watson, 1983; Watson, 1996; Teufel and Heinrich, 1997; Harlov et al., 2006] .
[24] Sample ML-7 is representative of the deformed leucogranite that mantles the high-grade core rocks of the Valhalla complex, and was collected $7 km west of the Valhalla dome core (Figure 2a) . The unit contains $ 1 m long inclusions of amphibolite, calc-silicate, and biotite gneiss, suggesting that the leucogranite invaded part of the mixed gneiss unit. The leucogranite consists of porphyroclasts of quartz and plagioclase that are enveloped by finer-grained recrystallized material of the same composition. On the basis of the lack of hornblende and presence of monazite, we infer that sample ML-7 is part of the Ladybird leucogranite. The sample also contains minor biotite. Fourteen single-spot analyses reveal a weighted average Th/Pb monazite age domain of 50.8 ± 2.3 Ma (MSWD: 0.25; Figure 9a ). 5.1.2. Migmatites (10 -50% Leucosome)
[25] Four migmatite samples from the mixed gneiss unit with variable leucosome content (10 -30%) were collected from sites defining a north-south traverse across the complex (Figure 2a ). Sample EL-19 is a migmatitic quartzofeldspathic gneiss collected for in situ analysis from the mixed gneiss unit $1 km north of the core of the Valhalla dome. The gneiss is exposed $50 m west of the core orthogneiss and $1 km northwest of the GCSZ. On a hand-sample scale, the sample has thin (centimeter to millimeter) leucocratic layers rimmed by biotite selvages and consists of $20% leucosome. Between the leucosomes, the mesosome consists of interlayered biotite and quartzofeldspathic material. Recrystallized quartz and sericitized plagioclase dominate the matrix, and biotite forms a weak foliation. The monazite grains from this sample are typically $20-25 mm in size and were analyzed from both biotite and quartzofeldspathic layers of the neosome and mesosome. The grains do not show much evidence for zoning but appear to have corroded edges and some contain cracks. The monazite grains are located (1) along the edge or within biotite grains or (2) included within quartz grains, commonly along cracks within the grains. A single Th/Pb weighted average age of 54.0 ± 3.6 Ma (MSWD: 1.80) was determined from 16 single-spot monazite analyses performed on 12 grains (Figure 9b ).
[26] Two km west of the Valhalla dome, a migmatitic quartzofeldspathic gneiss with $30% leucosome (GL-4.1) was collected for Th-Pb monazite analysis from the mantling gneiss (Figures 2a and 4e) . The stromatic migmatite is located $1 km from the orthogneiss and southwest of the GCSZ. This location, $2 km southwest of the core of the Valhalla dome, contains abundant diatexite (high-melt fraction migmatite) and metatexite. GL-4.1 is a metatexite located $10 m from the diatexite. The deformed matrix of this sample consists mainly of quartz, plagioclase and apatite defining the leucosome with layers of biotite defining the foliation and melanosome. Both monazite and zircon are abundant accessory phases and are principally located as biotite inclusions in the melanosome as evidenced by numerous radiation haloes surrounding the accessory minerals. Reconnaissance analysis leads us to conclude that zircon is largely inherited from the protolith. In contrast, 14 single-spot analyses on 10 monazite crystals show three weighted average Th/Pb age domains of 54.7 ± 3.1 Ma (MSWD: 1.80), 51.9 ± 1.5 (MSWD: 0.68) and 49.7 ± 1.6 (MSWD: 1.02; Figure 9b ). Furthermore, one of the grains that yielded a 54.7 Ma age also produced an older age of 61.7 ± 2.2 Ma. The latter is very similar to the monazite results from the biotite gneiss samples and the zircon results from the leucosomes that crystallized in boudin necks (Rt6-4 and AC-1.2).
[27] HR-7.1, a garnet-bearing migmatitic paragneiss, is composed of $10% leucosome and was collected from between the Valhalla and Passmore domes in the mixed gneiss unit in order to understand the north-south trend in migmatite crystallization across the complex. The gneiss consists mainly of quartz with subgrain development, seriticized plagioclase, and K-feldspar. The sample also contains lesser amounts of biotite, garnet, muscovite, sillimanite, apatite, zircon and monazite. Microstructures such as a checkerboard extinction pattern in the quartz and interstitial quartz and plagioclase growth suggest high-temperature deformation and partial melting. The monazites yield a range of Th/Pb ages from 73 to 48 Ma with multiple ages clustering near circa 58 Ma (Figure 9b ). The entire sample of HR-7.1 was crushed, and the monazite grains were analyzed in a standard grain mount; therefore, monazite from leucosomes and mesosomes were mixed together, and this probably explains the wide distribution in ages. In thin section, the monazite is located in a variety of textural settings such as inclusions within garnet, biotite, quartz, and along boundaries between K-feldspar grains. The garnet contains cracks; however, the monazite does not occur along these cracks. Thus, perhaps the older monazite ages represent monazite included in garnet that was armored from thermal or fluid resetting.
[28] Leucosome from a boudin neck (AC-1.2) was collected in the Passmore dome. The sample was located in the western limb of the GCSZ, in a lesser deformed part of the shear zone (Figure 2a ). Similar to Rt6-4, the Slocan Lake boudin neck, the boudins adjacent to AC-1.2 also contain abundant leucosome of the same composition. The leucosome is granitic in composition: quartz + plagioclase + K-feldspar + biotite + hornblende + titanite + zircon ± muscovite ± monazite. Sericite is abundant, as are myrmekitic textures. Zircons yield a weighted mean 238 U/ 206 Pb result of 60.2 ± 3.0 Ma (MSWD: 2.80; Figures 5b and 8b) . In thin section, the zircons were all included within quartz and plagioclase grains. We were only able to obtain two monazite grains from the crushed sample. The two grains yielded Th/Pb ages of 56.5 ± 2.0 Ma and 51.7 ± 1.9 Ma, which are similar to results from migmatite samples with 10-50% leucosome. Figure 9 . Monazite Th-Pb age results from the Valhalla complex. Cumulative probability plots for (a) a leucosome crystallized in a boudin neck (Rt6-4) from along the Slocan Lake fault and a mantling leucogranite (ML-7), (b) migmatitic quartzofeldspathic gneisses (EL-10, GL-4.1) and a migmatitic paragneiss (HR-7.1), and (c) biotite gneisses (DL-1.1, GL-12) and metapelites (GL-2.1, AC-20.1). [29] Four metasedimentary samples with <10% leucosome were collected and analyzed to understand the relationship of the metamorphic history to partial melting. Three of the four samples were collected $2 km southwest of the GCSZ in the Valhalla dome core (Figure 2a ). This area contains abundant metatexite (migmatite with 10 -50% leucosome) and diatexite (high-melt fraction migmatite), including some migmatite with >75 % leucosome (see Schaubs and Carr [1998] and this study). The biotite gneiss and metapelitic rocks in this region are included within and invaded by granitic leucosomes and dikes. The fourth sample, from the western limb of the GCSZ in the Passmore dome, is used for comparison of the domes.
[30] In the mixed gneiss unit, GL-2.1, a garnet-sillimanite metapelite was obtained from $2 km southwest of the Valhalla dome core for in situ Th-Pb monazite analyses. The metapelite was found as a pod within migmatitic ($30% leucosome) quartzofeldspathic gneiss. The sample consists of thick biotite/sillimanite layers that define foliation and exhibit millimeter-scale folds. The matrix also consists of minor plagiocase and K-feldspar and accessory garnet, corundum, apatite, zircon and monazite. The garnets have a corona of plagioclase and chlorite ± biotite. BSE images of the monazite grains reveal that monazite inclusions in biotite are large ($35 mm) and zoned, whereas monazite inclusions in garnet are commonly small ($15 mm). Monazite is not abundant in this sample; therefore, only five individual spot analyses on three grains were obtained. These analyses yield a Th/Pb weighted average domain age of 59.9 ± 4.2 Ma (MSWD: 0.092; Figures 6a and 9c) .
[31] Sample GL-12 represents a garnet-bearing biotite gneiss that was collected $ 2 km southwest of the core of the Valhalla dome. The gneiss occurs as a 1-m-long raft in diatexite from the same locality as sample GL-4.1 (Figure 4f ). The gneiss is medium-grained with a matrix consisting of quartz, plagioclase, biotite, garnet, apatite, monazite, zircon ± epidote. Biotite defines a strong foliation in the rock. BSE images of GL-12 show that monazite grains are typically $15 -20 mm, have patchy zoning (Figures 6b and 6c ) and corroded edges, and occur within garnets and biotite, commonly near or along cracks. The compositional zones of each crystal could not be analyzed because of the shape and small size of the grains in comparison to the spot size. However, the results are bimodal, and a total of seven in situ analyses yield one weighted mean Th/Pb age of 70.0 ± 4.5 Ma (MSWD: 0.22). The second age population consisted of four monazite ages that ranged from 65.6 Ma to 59.5 Ma (Figures 6b,  6c , and 9c). The age domains do not correlate in any clear fashion with the textural location of the monazite (inclusions in garnet vs. biotite), suggesting that garnet may not always armor inclusions from thermal resetting.
[32] Sample DL-1.1, a garnet-bearing biotite gneiss, was collected from $4 km southwest of the Valhalla core, south of GL-4.1 and GL-12 (Figure 2a) . The gneiss was selected for analysis because it contains centimeter-to millimeterscale leucosomes. The sample is a fine-to medium-grained (Figures 6d -6f ). The grains are located both within and bordering garnet grains (Figure 7a ). Furthermore, monazite was also analyzed from the biotite matrix and leucocratic layers. Twenty-one single-spot analyses on fourteen monazite grains reveal two in situ Th/Pb weighted mean ages of 65.8 ± 3.8 Ma (MSWD: 0.89) and 57.4 ± 4.2 Ma Figures 6d, 6e , 6f, 7a, and 9c). Like other gneiss samples, the age domains are not correlated with the monazite location or with spot location (core vs. rim).
[33] To the south, in the core of the Passmore dome, sample AC-20.1 is a garnet-sillimanite-K-feldspar metapelite. Like AC-1.2, the metapelite was collected from the western limb of the GCSZ, in a low strain part of the shear zone. As in many locations throughout the complex, the metapelite was found as a $0.5 m pod within migmatitic ($20% leucosome) quartzofeldspathic gneiss. The matrix of the sample consists of abundant biotite, quartz, plagioclase, sillimanite, and cordierite, and accessory apatite, zircon, and monazite (Figure 7b ). Thick biotite and sillimanite layers define foliation and are folded on the millimeter scale. This sample was analyzed with the in situ technique to compare ages of matrix monazite vs. monazite inclusions in garnet. The monazite grains are typically small ($25 mm) with patchy zoning and irregular/cracked edges. A Th/Pb monazite age of 64.5 ± 2.4 Ma (MSWD: 1.05) was determined from 16 single spots on 10 grains while 21 spots on 15 grains yield a second weighted average domain age of 60.1 ± 2.4 (MSWD: 1.40; Figures 7b and 9c) . The singlespot ages show no correlation based on location (i.e., garnet versus matrix). In some cases, the monazite ages are similar to the ages found in the matrix, while in other cases the monazite yield younger ages. The younger monazite inclusion ages seem to be located along cracks within the crystal (e.g., Figure 7b ). Previous studies have shown that cracks within the garnet may allow a fluid phase to alter the Th-Pb system of monazite, resetting the monazite age and revealing that garnet does not always shield its inclusions from isotopic disturbances [e.g., DeWolf et al., 1993; Montel et al., 2000; Carson et al., 2004] .
5.2.
40 Ar/ 39 Ar Analyses
[34] Three hornblende-bearing samples along a northsouth traverse through the complex were analyzed: one sample from $2 km southwest of the Valhalla dome, one from the GCSZ in the Passmore dome and one from between the two domes (Figure 2a ). The step-heating analyses for hornblende from all three samples yield discordant and irregular age spectra (Figures 10a-10c) . Hornblende from the amphibolite GL-6.1 appears to be the most reliable and yields a 40 Ar/ 39 Ar total gas age of 55.5 ± 0.9 Ma and a preferred age of 54.3 ± 0.4 Ma (Figure 10a ). Inverse Separates were irradiated for 96 h in positions X33 or X34 of the HIFAR nuclear reactor at Lucas Heights, New South Wales. Cadmium shielding was used to reduce the thermal neutron dose received by the samples. The minerals were irradiated with the fluence monitor GA1550 (intercalibrated K/Ar age of 98.5 Ma [Spell and McDougall, 2003] Ar age spectra for sample PR-2.1. Shaded boxes indicate steps used in calculating preferred age. K/Ca ratios are shown on top of each respective spectra. Note the difference in scale for K/Ca ratios between muscovite and hornblende. isochron analysis of the data for GL-6.1 yields a similar model age with a near atmospheric intercept. Hornblende from an amphibolite located between the two domes is more problematic. Sample HR-4.1 yields a total gas age of 89.3 ± 0.5 Ma (Figure 10b ). Because the K/Ca ratio for this sample is low ($0.035), the radiogenic argon component could easily be overwhelmed by excess 40 Ar. Hornblende from an amphibolite collected from the GCSZ in the Passmore dome core, AC-1.3, yields a total gas age of 79.4 ± 0.8 Ma (Figure 10c ). The youngest steps of the spectrum are combined for a preferred age of 60.3 ± 0.5 Ma. Like HR-4.1, the Passmore amphibolite also shows a low K/Ca ratio of $0.13 and a 40 Ar/ 36 Ar intercept ratio of 602.0 ± 73.0 that probably indicates excess 40 Ar.
[35] Sample PR-2.1, was collected from $1 km structurally above the GCSZ in the Passmore dome. The rock is not as intensely deformed as rocks from within the shear zone. The garnet-bearing metapelite contains a two-mica assemblage with muscovite, biotite, quartz, plagioclase, sillimanite, and lesser amounts of garnet, titanite, zircon and monazite. The age spectrum yielded by the muscovite is somewhat irregular and yielded a total gas and preferred age of 53.8 ± 1.6 Ma and 54.7 ± 1.1 Ma, respectively (Figure 10d ). Isochron analysis is not useful owing to the large error on the 40 Ar/ 36 Ar intercept. The discordance of the results led us to discount them.
[36] Sample VP-2.1, a medium-to coarse-grained leucogranite, was collected within $1 km of the Valkyr shear zone on the western side of the complex (Figure 2a) . The sample contains quartz with subgrain development, myrmekitic plagioclase that has been extensively sericitized, and lesser amounts of biotite, sphene and zircon. Furthermore, the leucogranite has microshear zones where recrystallization is focused. The biotite from this sample reveals a discordant spectrum, which yields a total gas age of 53.1 ± 1.0 Ma, and a preferred age of 53.1 ± 0.3 Ma (Figure 11a ).
[37] Sample GL-4.1, the migmatitic quartzofeldspathic gneiss from $2 km west of the Valhalla dome core, yields consistent integrated, preferred, and isochron ages of 50.9 ± 0.4 Ma, 50.6 ± 0.2 Ma, and 51.0 ± 0.2 Ma, respectively (Figure 11b ). The migmatitic paragneiss from between the Valhalla and Passmore domes, sample HR-7.1, has a preferred age of 49.1 ± 0.4 Ma with $60% of the gas released from these steps (Figure 11c ).
[38] Two biotite-bearing samples from the Passmore dome were analyzed: (1) sample PR-2.1, a garnet-bearing paragneiss that has a preferred age of 48.6 ± 0.5 Ma ( Figure 11d) ; and (2) sample AC-1.2, a leucosome crystallized in a boudin neck located in the western limb of the GCSZ, which yields an older total gas age of 52.5 ± 0.6 Ma ( Figure 11e) . A preferred age of 51.4 ± 0.4 Ma was calculated from the data for AC-1.2. After the eighth step, the steps have a very low K/Ca ratio, suggesting that feldspar inclusions may have contaminated this sample.
[39] The youngest age revealed from a biotite separate is from a leucosome crystallized in a boudin neck (Rt6-4) along the eastern bounding Slocan Lake fault. The biotite from the mylonitic migmatite yields a preferred age of 48.2 ± 0.5 Ma with 96% of the gas released (Figure 11f ). The sample also yields similar integrated and isochron ages: 48.2 ± 0.6 Ma and 48.5 ± 0.2 Ma, respectively.
Timing of Migmatization
[40] Combined with the results of previous investigations (Table 1) , the U/Pb monazite and zircon geochronology results presented above indicate that the Valhalla complex records a protracted thermal history from the Late Cretaceous to the Eocene (Figure 12 ) [Carr et al., 1987; Parrish et al., 1988; Heaman and Parrish, 1991; Parrish, 1995; Spear and Parrish, 1996; Ducea et al., 2003; Spear, 2004] . In situ monazite analyses for three of the four metasedimentary samples with <10% leucosome reveal a bimodal age distribution of circa 70-65 Ma and 62-57 Ma ( Figures  6 and 9) . The older age group is consistent with previous single crystal monazite and zircon TIMS results of paragneiss from the cores of the Valhalla and Passmore domes [Heaman and Parrish, 1991; Spear and Parrish, 1996] . The previously documented Late Cretaceous ages, combined with the 70-65 Ma ages from this investigation, indicate the timing of prograde metamorphism during regional convergent tectonics, crustal thickening, and subsequent thermal relaxation. Geochronometric results from paragneiss of the mixed gneiss unit suggest that the Valhalla complex subsequently achieved near peak metamorphic conditions of 820°C and 8 kbar at circa 60 Ma [Spear, 2004] . The present study is consistent with this interpreta- Figure 12 . Timeline of tectonometamorphic events in the Valhalla complex recorded by U-Th-Pb and Ar-Ar geochronology from this study. The timeline is divided into the main lithologic units, by structural depth, and by isotopic system. tion: all four metapelite and biotite gneiss samples have monazite ages of 62-57 Ma (Figures 6 and 9) .
[41] U-Pb zircon dating of migmatitic samples with variable leucosome (10 -50%) content from throughout the complex reveals that crystallization of migmatites occurred at or soon after peak metamorphism at circa 60 Ma (Figures 5 and 8) , suggesting a rapid high-temperature cooling event, possibly driven by upward flow of buoyant melt. Previous zircon TIMS analyses from a highly sheared and mylonitized pegmatite and from the Airy and Ladybird units yielded circa 60 Ma ages [Carr et al., 1987; Spear and Parrish, 1996] , consistent with the boudin neck zircon ages. Furthermore, the younger age grouping (62 -57 Ma) from the metapelite and biotite gneiss samples analyzed in this study is also similar to the zircon ages. In comparison, monazite from metatexite, the boudin neck samples, and from the Ladybird leucogranite range from circa 60 Ma to 50 Ma. Previous monazite analyses (61 -52 Ma) [Parrish, 1995] of texturally late granitic bodies (veins in the core orthogneiss, slightly deformed pegmatite and aplite samples) yielded similar ages to the monazite analyzed in this study.
[42] The preponderance of new and previously obtained U-Th-Pb zircon and monazite results centered around $60 Ma [Parrish, 1984; Carr et al., 1987; Parrish et al., 1988] (this study) indicate that prograde regional metamorphism, anatexis, and crystallization of the Airy and Ladybird granitoids peaked at this time. Furthermore, because deformation and migmatite crystallization is recorded at the structurally highest position in the Slocan Lake fault zone and at the deepest position as represented by the western limb of the Passmore GCSZ, it seems that the entire complex experienced a major tectonothermal event at circa 60 Ma and that melt crystallization was coeval at all structural levels. The geochronometric results suggest that partial melting was a major component of the tectonic evolution of the Valhalla complex until relatively late ($60 Ma).
[43] The fact that Th-Pb monazite ages are as young as circa 50 Ma may indicate protracted anatectic conditions (i.e., 60-50 Ma or circa 10 m.y.). Melt crystallization from circa 60 to 50 Ma would be consistent with migmatite crystallization ages reported from other Omineca domes, which also expose abundant migmatite [Vanderhaeghe et al., 1999b; Crowley et al., 2001; Hinchey et al., 2006; Kruckenberg et al., 2008] . For example, zircon rims from Thor-Odin migmatite and magmatic zircons from pegmatite and aplite that cut the host gneiss of the Frenchman Cap dome have ages of circa 56-52 Ma [Vanderhaeghe et al., 1999b; Hinchey et al., 2006] and circa 58 -49.5 Ma [Crowley et al., 2001] , respectively. Monazite results from the mantling migmatitic gneisses and leucogranites range from circa 62 to 50 Ma [Carr, 1992; Teyssier et al., 2005; Hinchey et al., 2007] . Furthermore, zircon and monazite in migmatites of the Okanogan dome, at the southern end of the Omineca belt in Washington (USA), yield U-Pb ages of 61 -49 Ma [Kruckenberg et al., 2008] .
[44] In spite of this overlap in age with the other domes, the spread in monazite Th-Pb ages from the Valhalla complex down to 50 Ma might simply reflect loss of radiogenic Pb. Although recent experimental data indicate that Pb loss from monazite is unlikely to have occurred via diffusion [Cherniak et al., 2004] , Pb loss via fluid-mediated recrystallization is a real possibility. Experimental and fieldbased investigations of monazite have shown that monazite is prone to recrystallization in fluid-rich environments, such as ductile shear zones [e.g., Hawkins and Bowring, 1997; Teufel and Heinrich, 1997; Ayers et al., 1999 Ayers et al., , 2006 Townsend et al., 2000; Cherniak et al., 2004; Harlov et al., 2006] . In the case of the Valhalla complex, many of the monazite grains reveal patchy zoning (e.g., Figure 6 ). The textures observed in the grains have been interpreted by others to indicate fluid-mediated recrystallization in monazite [e.g., Townsend et al., 2000] . This phenomenon has been recognized within other regions of the Omineca belt. For example, Crowley and Ghent [1999] have documented the presence of Tertiary age domains that they attributed to fluids that disturbed the U-Pb isotope system and dissolved Proterozoic monazite in the Frenchman Cap dome.
[45] The migmatites of Valhalla are bounded by the Valkyr shear zone/Slocan Lake fault system. Since the Valkyr shear zone and the Slocan Lake fault were active during the Paleocene and Eocene [Carr et al., 1987] , it is likely that they facilitated significant high-temperature fluid flow as crystallizing migmatites and mantling leucogranites released fluids. Deformation would have enhanced fluid flow, thus also contributing to dynamic recrystallization of monazite.
Cooling and Exhumation
[46] What emerges from the geochronometric investigations of the Omineca belt is that the domes experienced Late Cretaceous to Early Tertiary high-grade metamorphism, significant partial melting in the Paleocene, and cooling in the Early Tertiary following crystallization of the melt at circa 60 Ma (Figure 13 ). Our 51-48 Ma biotite 40 Ar/ 39 Ar ages combined with previous circa 52 -47 Ma muscovite KAr ages [Wanless et al., 1978 [Wanless et al., , 1979 Parrish, 1995] require that the Valhalla complex was exhumed through circa 350°C at this time (Figure 11 ). Although the muscovite and hornblende ages from this study are somewhat older, excess 40 Ar complicates their interpretation (Figure 10 ). The most reliable results from hornblende GL-6.1 indicate that lower amphibolite-facies conditions persisted to circa 55.5 Ma, similar to previous hornblende results [Wanless et al., 1978 [Wanless et al., , 1979 Parrish, 1995] . In any case, our 40 Ar/ 39 Ar results are consistent with the Eocene cooling history documented by previous K-Ar results on hornblende, muscovite and biotite from the core orthogneiss body and the Ladybird leucogranite [Wanless et al., 1978 [Wanless et al., , 1979 Parrish, 1984; Parrish et al., 1988; Heaman and Parrish, 1991] Ar muscovite and biotite [Vanderhaeghe et al., 2003] .
[47] Models for the exhumation of the high-grade rocks exposed in Valhalla need to consider the evidence for large volumes of partially molten crust and leucogranite that crystallized at circa 60 Ma, isothermal decompression recorded in symplectitic textures (including replacement of kyanite by cordierite and sillimanite) [Marshall and Simandl, 2006] , argon cooling ages, and thermal and diffusion modeling that indicates an early (by circa 60 Ma), rapid cooling rate in excess of 100°C/m.y. [Spear, 2004] . Here we consider three models proposed for the exhumation of the Valhalla migmatites and associated rocks: (1) thrusting accompanied by erosion and/or tectonic denudation; (2) channel flow accompanied by erosion and/or tectonic denudation; or (3) extension, accompanied by vertical flow of partially molten crust (Figure 14) .
[48] Previously, the high-temperature (older than circa 60 Ma) cooling of the Valhalla complex has been viewed in terms of being driven by thrusting of the complex onto a footwall with a lower ambient temperature. This model is based on geochronology, thermal and diffusion modeling, and mapping of a thrust zone (Figure 14a ) Parrish, 1995; Spear and Parrish, 1996; Schaubs et al., 2002; Spear, 2004; Carr and Simony, 2006] . The thrust model holds that a 30 km thick coherent crystalline thrust sheet was translated eastward along the Gwillim Creek shear zone, rapidly cooling the high-grade rocks exposed in the complex. Previous investigations have suggested that the Gwillim Creek shear zone is linked to regional thrusting in the foreland fold and thrust belt Brown et al., 1992; Varsek and Cook, 1994; Carr and Simony, 2006] . Spear [2004] suggested that the presence of melt may have enhanced the thrusting of the complex, noting that the crystallization ages at circa 60 Ma are coeval with the end of deformation in the Gwillim Creek shear zone. Subsequently, previous studies suggest that final cooling of the complex took place at a slower cooling rate and was driven by extensional faulting beginning at circa 55 Ma Parrish, 1995; Spear and Parrish, 1996; Schaubs et al., 2002; Spear, 2004; Carr and Simony, 2006;  this study].
[49] Lateral flow of partially molten crust through a channel may also account for some of the observations seen in the Valhalla complex (Figure 14b ). The Gwillim Creek shear zone would serve as the base of a partially molten channel. Lateral flow must be accompanied by focused denudation to allow for material to be extruded from the midcrust and lower crust. The extrusion and erosion could have produced the decompression, cooling, and exhumation of the Valhalla complex if extrusion were rapid. Carr and Simony [2006] proposed that channel flow may have developed within the infrastructure of the thrust sheet that moved along the Gwillim Creek shear zone, but argued that crustal flow was not the main orogenic process in Valhalla.
[50] The arching and continuous nature of the Slocan Lake fault and the Valkyr shear zone suggests that the two faults are one continuous rolling hinge detachment fault that may have played a major role in the exhumation of the Valhalla complex (Figure 14c) . A rolling hinge detachment zone allows exhumation of ductile footwall rocks as highangle normal faults sequentially form, rotate, and become Figure 13 . Temperature-time evolution of the Omineca domes, demonstrating the similarity in timing of tectonic events along the belt. A representative T-t path has been added, shown with the arrow. Numbers refer to published geochronometric results as follows: 1, Carr [1992] ; 2, Carr et al. [1987] ; 3, Ducea et al. [2003] ; 4, Lorencak et al. [2001] ; 5, Parrish [1990] ; 6, Parrish [1995]; 7, Spear [2004] ; 8, Spear and Parrish [1996] ; 9, Teyssier et al. [2005] ; 10, Vanderhaeghe et al. [1999b] ; 11, Vanderhaeghe et al. [2003] . Monazite ages are shown at 800°C and 750°C to reflect uncertainty in the temperature corresponding to the monazite Th/Pb age. Only metamorphic monazite results are shown; the monazites from the migmatites that were affected by fluid-mediated recrystallization are not shown.
inactive [Buck, 1988 [Buck, , 1991 . The Slocan Lake-Valkyr shear zone system is very similar to the detachment system invoked by Teyssier et al. [2005] to explain the rapid decompression, melting, and exhumation of the Thor-Odin dome. In both domes, there is a slight west to east younging in biotite cooling ages, and this is consistent with a rolling hinge detachment zone geometry. Furthermore, beginning of movement along the rolling hinge detachment in the Paleocene could have driven the upward flow of high-grade migmatites, creating the decompression textures preserved in the gedrite-cordierite rocks, generating melt, and producing the high cooling rates suggested by Spear [2004] . With upward flow, cooling and crystallization of the migmatites would progress downward. The late crystallization releases fluids that may have participated in the recrystallization of monazite. In this model, the Gwillim Creek shear zone is a relic thrust or possibly a high-grade extensional shear zone located within the partially molten crust.
[51] Both the thrusting and channel flow models require synthrusting extension of the upper crust and/or very rapid, localized erosion to produce the isothermal decompression textures preserved in the gedrite-cordierite rocks. On the basis of argon thermochronology, extension and denudation did not occur until circa 53 Ma; therefore, these upper crustal processes could not have coupled with the thrusting to induce decompression.
[52] To the north of the Valhalla complex, the Thor-Odin dome exposes abundant metatexite and diatexite in the core of the dome. Exhumation models for Thor-Odin have suggested a model in which extension driven by a rolling hinge detachment and accompanied by upward flow of a partially molten crust exhumed the diatexitic core of the dome [Vanderhaeghe et al., 1999a [Vanderhaeghe et al., , 1999b [Vanderhaeghe et al., , 2003 Norlander et al., 2002; Teyssier et al., 2005] . On the basis of the similar geology and proximity of the Valhalla and ThorOdin domes in the Omineca belt, we suggest that extension associated with a rolling hinge detachment also best explains the metamorphic, geochronologic, and structural features of the Valhalla complex.
[53] The eastern bounding detachment systems of the Omineca core complexes have similar tectonic and thermal histories. For example, both the Slocan Lake fault (Valhalla) and the Columbia River fault (Thor-Odin, Frenchman Cap) had melt pool below them and cooled through biotite closure of Ar diffusion at 50-48 Ma [Vanderhaeghe et al., 2003; this study] . In addition, kinematic indicators for all three domes show top-to-the-east sense of shear near the eastern detachments. Field studies and geochronologic results suggest that the eastern bounding detachment systems for the Omineca domes served as a major thermal boundary between the rigid, cold crust of the Rocky Mountain foreland and the partially molten crust of the hot hinterland. Lithoprobe profiles [Cook et al., 1988] through Passmore dome have imaged the Slocan Lake fault and have revealed that the fault extends down to near the base of the crust, further supporting that the Slocan Lake fault formed a major thermal and mechanical boundary. The slightly older 40 Ar/
39
Ar biotite results from the Valhalla complex suggest that the Valkyr shear zone-Slocan Lake fault may in fact represent the breakaway of the detachment system.
[54] Within the north-south trending series of Omineca domes, the Slocan Lake fault is offset from the other eastern detachment, the Columbia River fault, that forms the eastern boundary for the Thor-Odin, Frenchman Cap, and Okanogan-Kettle domes (Figure 1 ). Minor differences in the tectonic and thermal histories of Valhalla relative to the other domes of the Omineca belt may well be a consequence of its easterly position and resulting proximity to the cold crust of the Rocky Mountain foreland. For example, while the available geochronology indicates that migmatization, peak grade metamorphism, and leucogranite crystallization within the Valhalla complex peaked at circa 60 Ma, it continued to later times in the domes situated further west. We infer that that the more westerly domes were better insulated from the cold crust of the Rocky Mountain foreland. Such a relationship may be indicated by the lack of diatexite in the core of the Valhalla complex and its occurrence within the cores of the more westerly domes. Perhaps, as the detachment that serves as the boundary between the flowing crust and cold foreland stepped to the west (i.e., the present locality of the Columbia River fault), the system was able to access hotter, deeper, and better insulated crust. Thus the rocks exposed in the Valhalla complex are at a higher structural level than the core rocks of the other Omineca domes (Figure 14c ) [Parrish, 1995;  this study].
Conclusions
[55] New and previously obtained U-Pb zircon results for the Valhalla complex centered around $60 Ma indicate that prograde regional metamorphism, anatexis, and crystallization of mantling leucogranite all peaked at this time. Although the overall duration of partial melting cannot be confidently determined, the pervasive occurrence of leucosomes, leucogranite, and other granitic bodies, and their close association with deformation features throughout the complex at all structural levels, indicate that melt likely played a prominent role in the Paleocene tectonic evolution of the Valhalla complex. The evidence for high-temperature decompression and the understanding of the timescales of melt crystallization and extension suggest that vertical flow of melt combined with a rolling hinge detachment probably drove the decompression, partial melting, exhumation, and rapid cooling of the Valhalla complex. Although the ThorOdin and Frenchman Cap domes to the north expose somewhat different structural levels and appear to have experienced slightly different histories, we believe that a large region (thousands of km 2 ) of orogenic crust along the eastern margin of the southern British Columbian segment of the Cordillera was likely partially molten in the Early Tertiary (circa 60 -50 Ma) and then cooled at circa 51-48 Ma. We speculate that the upward flow, cooling, and crystallization of partially molten crust that now forms the core and the mantling gneisses of the Omineca domes marks the end of Cordilleran orogenesis, and may indicate that continental orogeny ends when the transfer of heat during lateral and vertical crustal flow results in the widespread crystallization of the partially molten crust.
